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I INTRODUCTION 
I n t e r e s t  i n  t h e  r e f r a c t o r y  carb ides  has  increased  r e c e n t l y  i n  
a n t i c i p a t i o n  of many new a p p l i c a t i o n s  r equ i r ing  the use of super ref rac-  
tor ies .  However, during t h e  research  and development work on t h e s e  
materials,  d i f f i c u l t i e s  have been encountered i n  a t t a i n i n g  and reproduc- 
i n g  des i r ed  phys ica l  p r o p e r t i e s .  L i t t l e  i s  known about u l t ima te  i n t r i n s i c  
phys ica l  p r o p e r t i e s  or about t h e  in f luences  of s to i ch iomet r i c  changes, 
impur i t i e s ,  and g r a i n  boundaries on these p rope r t i e s .  I n  obta in ing  
t h i s  type of information, s i n g l e  c r y s t a l s  of var ious  carb ide  compositions 
would be of g r e a t  value.  A t  p r e sen t ,  the only c r y s t a l s  r e a d i l y  a v a i l a b l e  
a r e  of t i t an ium carb ide ,  grown by the  Verneuil  process,  and l i t t l e  i s  
known of t h e i r  s t r u c t u r e  and pe r fec t ion .  
Stanford Research I n s t i t u t e  has been engaged by t h e  Nat ional  Aero- 
n a u t i c s  and Space Administration t o  i n v e s t i g a t e  the app l i ca t ion  of new 
techniques and procedures t o  t h e  growth of s i n g l e  c r y s t a l s  of tantalum 
carb ide ,  hafnium carbide, and s o l i d  s o l u t i o n s  of t h e s e  ca rb ides .  The 
new techniques being inves t iga t ed  f a l l  i n t o  two classes: (1) a-c a r c  
melting and induct ion  plasma melting f o r  Verneuil  c r y s t a l  growth; and 
( 2 )  r ecen t ly  developed methods of l i q u i d  metal  s o l u t i o n  growth of 
c r y s t a l s .  Arc-Verneuil techniques are p resen t ly  being s tud ied .  For ty  
n ine  c r y s t a l  growth runs were made during t h i s  qua r t e r .  
P a r t i c i p a t i n g  i n  t h e  i n v e s t i g a t i o n  dur ing  t h i s  per iod  were J .  W .  
Fowler ( c rys t a l  growing experiments) and J .  B. Saunders (X-ray ana lyses ) .  
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I1 SUMMARY AND CONCLUSIONS 
Mixed s o l i d  so lu t ion  boules have been grown with 40% hafnium 
carbide/60% tantalum carbide and 20% hafnium carbide/80% tantalum 
carbide s t a r t i n g  powders. These boules were po lyc rys t a l l i ne .  There 
was l i t t l e  change i n  metal  r a t i o  f o r  t h e  20/80 composition, but  the 
hafnium content of t he  40/60 composition was reduced t o  35% of the t o t a l  
metal content .  For both compositions t h e  carbon content was reduced t o  
approximately 45 a t .  %. 
e f f e c t  on the  carbon content .  
Hydrogen i n  t h e  furnace atmosphere had l i t t l e  
A few long hafnium carbide boules were grown with l a r g e  s i n g l e  
c r y s t a l  s e c t i o n s ,  a s  determined by X-ray d i f f r a c t i o n .  These boules 
were grown a t  rap id  r a t e s ,  5-10 cm/hr, and contain subgrain boundaries. 
We be l ieve  add i t iona l  boules of t h i s  type w i l l  be s u i t a b l e  a f t e r  cu t t i ng ,  
f o r  eva lua t ion  of s i n g l e  c r y s t a l  p rope r t i e s .  
Severa l  modif icat ions t o  equipment and opera t ing  procedures were 
made t o  improve the q u a l i t y  of tantalum carbide boules .  Preliminary 
analyses  i n d i c a t e  t h a t  the carbon content of tantalum carbide boules 
has not been increased  over t h a t  obtained i n  10% H /90% Ar gas mixture 
using previous opera t ing  p r a c t i c e s .  
2 
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I11 CRYSTAL GRQWTH STUDIES 
A.  Operation of the Arc-Verneuil Furnace 
During t h i s  repor t  per iod,  a few minor changes were made i n  t h e  
arc-fusion c r y s t a l  growth apparatus  and some opera t ing  procedures were 
modified. Crys t a l  growth experiments were run a f t e r  each a l t e r a t i o n  
t o  determine i t s  e f f e c t  on boule growth c h a r a c t e r i s t i c s  and c r y s t a l  
q u a l i t y .  
An i n t e r v a l  t i m e r  was i n s t a l l e d  i n  the  p a r t i c l e  feeder  c i r c u i t  t o  
lower t h e  average p a r t i c l e  feed r a t e ,  The feeder  now has a va r i ab le  on 
and off  per iod within a b r i e f  cycle ,  which i s  continuously repeated,  
Severa l  c r y s t a l  growth runs have aborted because t h e  boule dislodged 
from the seed holder  during growth. Small tantalum pins  i n s e r t e d  
v e r t i c a l l y  i n t o  the  g raph i t e  anchor t h e  carbide boule t h a t  i s  subsequently 
formed by dropping carbide p a r t i c l e s  onto the  l i q u i d  cap of t h e  tantalum 
pin.  Gas turbulence surrounding t h e  boule,  gas evolut ion from under 
t h e  tantalum p in ,  and flow of l i q u i d  tantalum con t r ibu te  t o  dis lodging 
the  boule.  The e f f e c t  of t h e  diameter and length  of tantalum pins  on 
r e t en t ion  of the  boule was inves t iga t ed  a f t e r  smaller  diameter p ins ,  
subs t i t u t ed  for t he  l /S- inch p ins  o r i g i n a l l y  used, were found t o  be 
unsa t i s f ac to ry .  Tantalum p ins  of 1/16-inch diameter melted below the 
boule and f a i l e d  t o  secure i t;  however, p ins  of l/S-inch diameter were 
s a t i s f a c t o r y  when longer than 3/4 inch. Shor t e r  p ins  of 1/8-inch diam- 
eter tend t o  be e j ec t ed  w i t h  t he  boule. Tantalum pins  1/8 inch i n  
diameter by 1 inch long a r e  now being used i n  a l l  c r y s t a l  growth experi-  
ment s . 
I n  an attempt t o  r e t a r d  t h e  p re fe r r ed  vaporizat ion of carbon from 
tantalum carbide during c r y s t a l  growth, t h e  sur face  a rea  of hot  carbon 
surrounding t h e  boule was increased.  T h i s  was done by using l a r g e r  
e l ec t rodes  and using a p y r o l y t i c  g raph i t e  heat  s h i e l d .  The ho r i zon ta l  
3 
e lec t rode  diameter was var ied  between 1/4 inch and 1/2 inch.  Power 
f l u c t u a t i o n s  caused frequent  overloads and c i r c u i t  i n t e r r u p t i o n s  when 
1/2-inch e l ec t rodes  were used, even though the  power supply c i r c u i t  
breaker l i m i t  had been increased t o  250 amps per  ho r i zon ta l  electrode. 
The boules made when 1/2-inch e l ec t rodes  were used were s l i g h t l y  l a r g e r  
i n  diameter,  but no improvement i n  t h e i r  carbon s toichiometry was 
obtained,  
5/16-inch e l ec t rodes ,  
Consequently, w e  have returned t o  t h e  use of 1/4-inch and 
A p y r o l y t i c  g raph i t e  heat sh i e ld  has  been designed and f ab r i ca t ed .  
I t  i s  a 2-inch diameter,  thin-walled dome t h a t  surrounds the  boule as 















FIG. 1 PYROLYTIC GRAPHITE HEAT SHIELD 
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heat  s h i e l d  allows en t rance  of one e l ec t rode  and provides a view of an 
a l t e r n a t e  e lec t rode .  Observation of t h e  e l ec t rodes  is  required t o  
cont ro l  t he  e l ec t rode  stand-off d i s tance .  The heat s h i e l d  rests on an 
i n s u l a t i n g  boron n i t r i d e  platform t h a t  i s  a t tached  t o  the  seed holder .  
When t h e  seed is  ro t a t ed ,  t h e  heat s h i e l d  also r o t a t e s  u n t i l  t he  hor i -  
zonta l  e l ec t rodes  b u t t  a g a i n s t  t h e  s i d e s  of t h e  windows and prevent 
f u r t h e r  r o t a t i o n .  This  sequence properly a l i g n s  t h e  hea t  s h i e l d  window 
with respect t o  t h e  outer  observat ion ports  i n  t h e  furnace s h e l l .  A 
few shor t  boules have been grown, but they have not  y e t  been analyzed. 
During c r y s t a l  growth the i n s i d e  su r face  of the hea t  s h i e l d  has a br ight -  
ness  temperature of  230OoC and t h e  ou t s ide  sur face  br ightness  temperature 
i s  165OOC. 
b 
Addit ional  tests and analyses  w i l l  be made i n  the next q u a r t e r ,  
The speed of r o t a t i o n  of boules was sys temat ica l ly  s tud ied .  Some 
r o t a t i o n  i s  required t o  d i s t r i b u t e  hea t  evenly and compensate f o r  any 
e c c e n t r i c i t y  i n  t h e  depos i t ion  of particles on the  boule.  A t  excessive 
r o t a t i o n  speeds, a c e n t r i f u g a l  o s c i l l a t i o n  or apparent whipping of the  
boule causes i t  t o  become e c c e n t r i c  w i t h  respect t o  the a x i s  of r o t a t i o n .  
The best  r o t a t i o n  speed f o r  t h e  1/4-inch-diameter boules i s  10 t o  16 rpm. 
Five tantalum carbide c r y s t a l  growth experiments were conducted i n  
gaseous freon (F CC1 ) and freon-argon gas mixtures t o  
t h e  f e a s i b i l i t y  of using f reon  t o  r ep len i sh  carbon vaporized from t h e  
inves t iga t e  2 2  
boule without introducing H and H r a d i c a l s  i n t o  t h e  plasma. These 
experiments showed t h a t  f reon  cannot be used t o  s u s t a i n  an arc-plasma 
and t h a t  f reon quenches argon plasmas a s  r e a d i l y  a s  hydrogen does. A r c  
s t a b i l i t y  could not  be maintained unless  t he  freon content  of t he  gas was 
less than 5%. Carbon content  of tantalum carbide boules was not s i g n i f i -  
can t ly  a f f ec t ed  by t h i s  amount of f reon  when compared w i t h  10% hydrogen i n  
2 
argon, L a t t i c e  parameter measurements i n d i c a t e  tha t  t h e  carbon content  




Mixed carb ide  powders of 40% hafnium carbide/60% tantalum carb ide  
and 20% hafnium carbide/80% tantalum carb ide  were received from Wah 
Chang Company. These powders were made by ca rbur i z ing  previously 
hydrided a l l o y s  of tantalum and hafnium. The chemical ana lyses  of t h e s e  
mixed carb ides  and t h e  cu r ren t  s tocks  of hafnium carb ide  powder and 
tantalum carb ide  powder a r e  summarized i n  Table I .  
Severa l  boules of both mixed carbides were grown i n  argon and argon- 
hydrogen mixtures a t  a pressure  of 1 a t m .  The boules were s i n g l e  phase 
but  po lyc rys t a l l i ne .  
X-ray d i f f r a c t i o n  ana lyses  and X-ray f luo rescen t  ana lyses ,  wi th  a 
LiF monochrometer, were used t o  determine changes i n  m e t a l  compositions 
and e s t ima te  carbon l o s s e s .  Standard curves were made, p l o t t i n g  
r e l a t i v e  hafnium and tantalum X-ray f luo rescen t  i n t e n s i t y  (peak height/  
sum of peak he igh t s  for  both hafnium and tantalum) versus  t h e  known 
metal  composition of s e v e r a l  carb ides .  The tantalum Lol and hafnium L, 
f l uo rescen t  peaks were used, These curves,  shown i n  F ig .  2 ,  were made 
w i t h  t he  following s t a r t i n g  powders: 
40% hafnium carbide/60% tantalum carb ide ,  and 20% hafnium carbide/80% 
tantalum carbide.  
tantalum carb ide ,  hafnium carb ide ,  
L a t t i c e  parameters were determined f o r  t h e s e  same ma te r i a l s  using 
X-ray d i f f r a c t i o n .  These da t a ,  shown a s  c losed  c i rc les  i n  F ig .  3, conform 
reasonably w e l l  w i t h  a l i n e a r  r e l a t i o n s h i p  between l a t t i c e  parameter and 
composition f o r  our  s t a r t i n g  powders of s o l i d  s o l u t i o n  carb ide  mixtures.  
There w a s  cons iderable  l i n e  broadening of the 40% hafnium carbide/60$ 
tantalum carbide, i n d i c a t i n g  incomplete homogenization of t h i s  s t a r t i n g  
material .  S i m i l a r  l a t t i c e  parameter d a t a  by Deadmore2 a r e  shown a s  open 
circles i n  F ig .  3. 
Fluorescent  ana lyses  of crushed boules are  given i n  Table 11 .  
These ana lyses  used the s tandard  curves of F ig .  2. 
some loss of carbon i n  these boules,  t h i s  i s  n o t  expected t o  a f f e c t  t h e  
metal ana lyses  because of t h e  low t o t a l  carbon content  and l o w  X-ray 
absorp t ion  c o e f f i c i e n t  of carbon, 
Although there w a s  
6 
T a b l e  I 
ANALYSIS OF CURRENT CARBIDE STARTING IWTERIALS (ppm) 
1 November 1966 
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Tantalum c a r b i d e  SP106526B 
Hafnium c a r b i d e  SP8662A 
40% hafnium c a r b i d e ,  60% t a n t a l u m  c a r b i d e  
204 hafnium c a r b i d e ,  80% t a n t a l u m  c a r b i d e  
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Table I1 
X-RAY ANALYSES OF MIXED CARBIDE BOULES 
I
Carbide Powder 









Run N o .  
9-30-2 (66) 
10-5-1 (66) 
10-6-1 (66 ) 
10-7-l(66) 
Atmosphere 
Argon, 1 atm 
10% H2-Ar, 1 atm 
Argon, 1 atm 








I t  can be seen from Table I1 t h a t  the  hafnium content  i n  the  40/60 carbide 
decreased from 40% t o  about 35% of the  t o t a l  metal content  of t he  boules ,  
while the  hafnium content  of the  20/80 carbide d id  not  change s i g n i f i c a n t l y .  
These da t a  agree with t h e  r e l a t i v e  hafnium and carbon vaporizat ion r a t e s  
determined by Deadmore2 f o r  mixed hafnium carbide/tantalum carbide s o l i d  
so lu t ions .  Deadmore's da t a  a r e  reproduced i n  F ig .  4 .  The hafnium and 
tantalum vaporizat ion rates a r e  almost equal a t  t h e  20% hafnium carbide/ 
80% tantalum carbide composition, and the re fo re  the metal  r a t i o  w i l l  not  
change while the compound i s  held a t  vaporizing temperatures.  A t  t he  
40% hafnium carbide/60% tantalum carbide composition, t he  hafnium vapor- 
i z a t i o n  r a t e  i s  s i g n i f i c a n t l y  higher  than t h a t  of tantalum, causing a 
reduction i n  t h e  hafnium/tantalum r a t i o  of t h e  r e s i d u a l  carbide upon 
heat ing t o  vaporizing temperatures.  
For a l l  compositions of t hese  mixed carb ides  o the r  than 100% hafnium 
carbide,  the carbon vaporizat ion r a t e  exceeds the  t o t a l  metal  vaporizat ion 
r a t e  and t h e r e  i s  a ne t  loss of carbon i n  the  res idue  a s  a r e s u l t  of 
hea t ing  or boule growth. The carbon loss is  accompanied by a reduction 
i n  l a t t i c e  parameter (see Fig .  3 ) .  
carbon content  i s  unknown f o r  hafnium tantalum carbide compounds, 
but can be i n f e r r e d  from a weighted average of s i m i l a r  da t a  f o r  hafnium 
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10 
d 
carbide3 9 9 and tantalum carbide.  5 9  , ' This  comparison i n d i c a t e s  a 
carbon content of 45-47 a t .  '$ f o r  t he  20/80 carb ide  boules and 44-46 
a t .  '$ f o r  the 40/60 carbide boules. Hydrogen i n  t h e  atmosphere during 
c r y s t a l  growth has l i t t l e  e f f e c t  on e i ther  the  carbon content or metal 
r a t i o  of t h e  mixed carbide boules.  
C . Grain Boundaries i n  Arc-Verneuil Boules 
Complete e l iminat ion of gra in  boundaries i s  t h e  major obs t ac l e  t o  
growth of s a t i s f a c t o r y  s i n g l e  c r y s t a l s .  The l a r g e s t  boundary-free 
sec t ions  have been obtained with hafnium carbide.  On the  average, t he  
mixed carbides  have been s l i g h t l y  less coarse-grained than tantalum 
carbide.  However, t h e r e  a r e  considerable  d i f f e rences  between seve ra l  
boules of t he  same ma te r i a l ,  Grain boundaries a r e  e l iminated during 
formation of t he  boule by a gradual expansion i n  c ross  sec t ion  of t h e  
dominant g ra ins ,  i n  t h e  c l a s s i c a l  manner f o r  flame fus ion  c r y s t a l  
growth. However, new g ra ins  a r e  occasional ly  nucleated both a t  or near  
t he  sur face  and i n t e r n a l l y .  I n  c ross  sec t ion ,  the sur face  g ra ins  
appear a s  i s o l a t e d  semic i rc les  and the i n t e r n a l l y  nucleated g ra ins  
appear as a broad root  spreading out  from the  nuc lea t ion  point  a s  the 
gra in  grows upward. The i n i t i a l  t i p  of an i n t e r n a l  gra in  nucleated i n  
a hafnium boule i s  shown i n  Fig.  5. This new g ra in  grew t o  be about 
1/8 inch across .  
There i s  no evident  r e l a t i o n s h i p  between impurity content  and gra in  
s i z e  of boules. The l a r g e s t  g r a i n s  were obtained w i t h  hafnium carb ide ,  
one of the l e a s t  pure s t a r t i n g  powders. Good boules have been obtained 
from collected excess hafnium carbide powder p u t  through the c r y s t a l  
growing furnace a second t i m e  without being cleaned a f t e r  t he  f i r s t  run. 
. 
Studies  of boule c ross  sec t ions  were made t o  secure information on 
the configurat ion of t he  l i q u i d  cap. When the a r c  discharge i s  termina- 
t ed  during c r y s t a l  growth, the molten cap quickly s o l i d i f i e s .  A f ine-  
grained s t r u c t u r e  r e su l t s  t h a t  c o n t r a s t s  sharply with t h e  coarse-grained 
or s i n g l e  crystal  boule below the  molten cap. The change i n  g ra in  size 
i n d i c a t e s  t h e  loca t ion  of the l i q u i d / s o l i d  i n t e r f a c e  when the arc i s  
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FIG. 5 NUCLEATION REGION FOR GROWTH 
OF NEW GRAIN IN HAFNIUM CARBIDE, ( l O O X )  
quenched. On t h i s  b a s i s ,  molten caps on 1/4-inch-diameter boules a r e  
judged t o  be 1 t o  2 mm deep. A photograph of a t y p i c a l  quenched cap 
i s  shown i n  F ig .  6 .  
There has  been no metal lographic  evidence of carb ide  p a r t i c l e s  
being trapped i n  t h e  boule without mel t ing .  Never the less ,  nuc lea t ion  
of new g r a i n s  may be caused by carb ide  p a r t i c l e s  s e t t l i n g  t o  t h e  l i qu id /  
s o l i d  i n t e r f a c e  before  melt ing o r  d i s so lv ing  i n  t h e  l i q u i d  carb ide  cap. 
These p a r t i c l e s  could a c t  a s  nuc le i  fo r  growth of new g r a i n s  and would 
not  appear i n  t h e i r  o r i g i n a l  s i z e  when t h e  boule i s  cross-sectioned. 
This problem may be increased  when a carbon-deficient molten carb ide  
cap i s  present  with a lower l i q u i d u s  temperature than t h e  melting poin t  
of t h e  s to i ch iomet r i c  carb ide  p a r t i c l e .  This  cons idera t ion  may expla in  
12  
FIG. 6 CROSS-SECTION O F  TANTALUM CARBlDE 
BOULE INDICATING REGION OF MOLTEN 
CAP (12.5X) 
t h e  l a r g e r  g r a i n  s i z e s  obta ined  with 100% hafnium carb ide ,  s ince  t h e r e  
i s  not  a d i sp ropor t iona te  carbon loss from t h e  l i q u i d  and a s soc ia t ed  
reduction i n  l i qu idus  temperature when t h i s  carb ide  composition i s  
melted. A series of growth experiments, using d i f f e r e n t  p a r t i c l e  s i z e s  
but i n  a l l  o t h e r  r e spec t s  i d e n t i c a l ,  i s  being conducted t o  determine 
i f  t h e r e  i s  a r e l a t i o n s h i p  between p a r t i c l e  s ize  and subsequent g r a i n  
s i z e  t h a t  could be r e l a t e d  t o  nuc lea t ion  of new g r a i n s  by unmelted p a r t i -  
cles. P a r t i c l e  sizes of -200 +325 mesh, -270 -1-325 mesh, and -325 mesh 
a r e  being used. The tests wi th  hafnium carb ide  have been completed and 
showed no e f f e c t .  T e s t s  on tantalum carb ide  remain t o  be done. 
1 3  
Some s e t t l i n g  ca l cu la t ions  have been made f o r  tantalum carbide 
p a r t i c l e s  en te r ing  t h e  l i q u i d  cap. Table I11 l is ts  est imated p a r t i c l e  
en ter ing  v e l o c i t i e s  t h a t  w i l l  y i e l d  a p a r t i c l e  pene t ra t ion  of 1 mm 
before viscous drag a r r e s t s  the p a r t i c l e  motion. Fu r the r  g rav i ty  s e t t l i n g  
may occur i f  t he  s o l i d  carbide has a higher  dens i ty  than t h e  l i q u i d .  
Est imates  of a c t u a l  p a r t i c l e  v e l o c i t i e s  a t  impact w i t h  t h e  l i q u i d  cap 
a r e  now being ca lcu la ted .  
P a r t i c l e  S ize  200 mesh 
P a r t i c l e  Velocity 23 cm/sec 
Table I11 
270 mesh 325 mesh 
44 cm/sec 65 cm/sec 
TANTALUM CARBIDE PARTICLE ENTERING VELOCITY REQUIRED TO 
PENETRATE 1 mm I N  L I Q U I D  TANTALUM CARBIDE, 
ASSUMING p = 0.01 poise  
The growth r a t e  of boules has been var ied  over a range of 1 t o  10 
cm/hour. The fewest gra in  boundaries have been obtained with long boules 
grown a t  f a s t  r a t e s ,  5-10 cm/hr. Some of these boules have lengths  
exceeding 3 inches.  W e  w i l l  at tempt t o  produce seve ra l  of these boules 
i n  the  next  qua r t e r .  Subgrain boundaries usua l ly  appear a f t e r  po l i sh ing  
hafnium carbide sec t ions  t h a t ,  by X-ray d i f f r a c t i o n ,  are s i n g l e  c r y s t a l s .  
The X-ray d i f f r a c t i o n  test c o n s i s t s  of a s e r i e s  of back r e f l e c t i o n  Laue 
photographs taken a t  var ious s t e p s  across  t h e  cut  boule. The subgrain 
boundaries a r e  not  apparent i n  diamond sawcut ma te r i a l ,  while primary 
gra in  boundaries can be de tec ted  a f t e r  diamond c u t t i n g ,  The subgrain 
boundaries o f t en  end within the boule and t h e i r  depth of e tching o f t en  
changes abrupt ly .  Examples of subgrain boundaries i n  hafnium ca rb ids  




FIG. 7 SUBGRAIN BOUNDARIES IN SINGL E CRYSTAL 
OF HAFNIUM CARBIDE (1500X) 
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IV FUTuRe WORK 
Future  work w i l l  i nc lude  t h e  following: (1) growth of long hafnium 
carb ide  boules a t  r e l a t i v e l y  high speed f o r  s ec t ion ing  and de l ive ry  t o  
NASA; ( 2 )  cont inua t ion  of experiments t o  eva lua te  t h e  e f f e c t  of t h e  
p y r o l y t i c  g raph i t e  s h i e l d  (dome) on c r y s t a l  growth; and (3) determination 
of p a r t i c l e  size e f f e c t s ,  i f  any, on average g r a i n  s i z e  f o r  tantalum 
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